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Viji Krishnapillai,1 Cornelia Reimmann,1 Dieter Haas,1

and Christian van Delden2*
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Cell-to-cell signaling involving N-acyl-homoserine lactone compounds termed autoinducers (AIs) is instru-
mental to virulence factor production and biofilm development by Pseudomonas aeruginosa. In order to
determine the importance of cell-to-cell signaling during the colonization of mechanically ventilated patients,
we collected 442 P. aeruginosa pulmonary isolates from 13 patients. Phenotypic characterization showed that
81% of these isolates produced the AI-dependent virulence factors elastase, protease, and rhamnolipids. We
identified nine genotypically distinct P. aeruginosa strains. Six of these strains produced AIs [N-butanoyl-
homoserine lactone or N-(3-oxo-dodecanoyl)-homoserine lactone] and extracellular virulence factors (elastase,
total exoprotease, rhamnolipid, hydrogen cyanide, or pyocyanin) in vitro. Three of the nine strains were
defective in the production of both AIs and extracellular virulence factors. Two of these strains had mutational
defects in both the lasR and rhlR genes, which encode the N-acyl-homoserine lactone-dependent transcriptional
regulators LasR and RhlR, respectively. The third of these AI-deficient strains was only mutated in the lasR
gene. Our observations suggest that most, but not all, strains colonizing intubated patients are able to produce
virulence factors and that mutations affecting the cell-to-cell signaling circuit are preferentially located in the
transcriptional regulator genes.

The gram-negative bacterium Pseudomonas aeruginosa is a
major nosocomial pathogen responsible for severe pulmonary
infections in mechanically ventilated patients, a complication
associated with high mortality and excessive hospital costs (7,
27). Among ventilator-associated pneumonia (VAP) caused by
P. aeruginosa, 95% of cases are preceded by colonization of the
respiratory tract, a well-recognized risk factor for pulmonary
infection (20). The risk of colonization of intubated patients by
P. aeruginosa is directly linked to the presence of the endotra-
cheal intubation device and increases with the duration of
intubation (29).

P. aeruginosa regulates the production of several extracellu-
lar virulence factors by at least two cell-to-cell signaling sys-
tems, called lasRI and rhlRI (60). This circuit is organized in a
hierarchical cascade in which the lasRI system is required for
full expression of the rhlRI system (28). Accumulation of the
two autoinducers (AIs) N-(3-oxododecanoyl)-homoserine lac-
tone (3-oxo-C12-HSL) (39) and N-butanoyl-homoserine lac-
tone (C4-HSL) (40), the products of the LasI and RhlI en-
zymes, respectively, allows the bacteria to sense their own cell
density (17) in order to coordinate the production of virulence
factors (9, 38, 60). As a result, the secretion of extracellular
virulence factors such as elastase increases strongly once a
threshold bacterial cell density has been reached (38). This

phenomenon has been suggested to play an important role
during acute P. aeruginosa infections, overwhelming host de-
fenses and explaining the frequently dramatic clinical evolution
(60). Cell-to-cell signaling has also been suggested to be re-
quired for the establishment of a P. aeruginosa biofilm (8, 15).
This growth pattern is required for P. aeruginosa to colonize
inert surfaces and possibly also the lung of cystic fibrosis (CF)
patients (6, 53). Several studies with various animal models and
las/rhl mutants have clearly demonstrated the importance of a
functional cell-to-cell signaling circuit for the full virulence of
P. aeruginosa (48). The in vivo production of AIs has been
demonstrated in a chronic pneumonia mouse model (64).
However, only few data exist concerning the role of cell-to-cell
signaling during P. aeruginosa infections in humans. Clinical
isolates deficient in the production of extracellular virulence
factors regulated by cell-to-cell signaling, such as elastase and
exotoxin A, have been described previously. Most isolates were
specifically affected in the expression of the lasB (elastase) and
toxA (exotoxin A) genes (22, 43, 47), whereas cell-to-cell sig-
naling-deficient clinical isolates have been described only spo-
radically (19, 22, 54). One lasR mutant still able to produce
cell-to-cell signals has been isolated from a wound (22), and
one rhlR mutant has been isolated from a patient with a urinary
tract infection (54). The production of AIs by clinical isolates
has been demonstrated in vitro for P. aeruginosa strains iso-
lated from CF patients (19) and for ex vivo in sputum of CF
patients colonized by P. aeruginosa (53). We have detected AIs
in situ in CF lung tissue (14). These results have been recently
confirmed by the detection of AIs in the sputum of CF patients
(11, 33). In contrast, no data are available concerning the

* Corresponding author. Mailing address: Division des Maladies
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versité Claude Bernard, Lyon I, France.

554



production of AIs by P. aeruginosa strains colonizing mechan-
ically ventilated patients. We have recently isolated AIs from
biofilms covering endotracheal intubation devices that were
retrieved from patients colonized by P. aeruginosa (S. Favre-
Bonté et al., unpublished data), demonstrating that AIs are
effectively produced in this clinical setting.

To extend our understanding of the role of cell-to-cell sig-
naling during pulmonary colonization of intubated patients, we
collected 442 P. aeruginosa isolates colonizing the respiratory
tract of 13 intubated patients during the first 3 days of docu-
mented colonization. Invasive isolates responsible for acute
pulmonary infections in these patients were also collected. The
entire collection was screened semiquantitatively for the
production of three cell-to-cell signaling-dependent virulence
factors. In this collection, we identified nine genotypically dif-
ferent strains and quantified their production of various extra-
cellular virulence factors and cell-to-cell signaling molecules,
along with their adherence and biofilm formation capacities.
We describe the characterization of three unusual clinical
strains that are unable to produce cell-to-cell signals as a result
of mutations in the lasR and/or rhlR transcriptional regulator
genes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. We collected daily pulmonary aspi-
rates from 13 intubated patients that were hospitalized in the intensive care units
of the University Hospital Geneva and were colonized by P. aeruginosa. The
aspirates were plated on selective agar plates (cetrimide [0.03%]) in order to
identify Pseudomonas isolates (14). From each aspirate, 10 to 17 P. aeruginosa
isolates were collected individually and stored at �70°C. The genetically marked
strains and plasmids used in the present study are listed in Table 1. Both
Escherichia coli and P. aeruginosa were routinely grown on nutrient agar plates,
in nutrient yeast broth (55) or in Luria-Bertani (LB) broth (49) at 37°C. For
pyocyanin extraction, P. aeruginosa strains were grown with aeration in glycerol-
alanine medium (16). For quantitative hydrogen cyanide (HCN) determination,
P. aeruginosa strains were grown under oxygen limitation in tightly closed 125
ml-bottles containing 40 ml of glycine minimal medium (4). For adhesion and
biofilm formation assays, P. aeruginosa strains were grown in M63 medium
supplemented with 0.05% Casamino Acids and 0.2% glucose (36) or in AP
medium (100 mM monosodium glutamate, 100 mM sodium gluconate, 7.5 mM
NaH2PO4, 16.3 mM K2HPO4, 10 mM MgSO4 � H2O [pH 7.0]) supplemented
with 0.3 M NaCl (59). Antibiotics were used at the following concentrations:
ampicillin at 100 �g/ml, gentamicin at 10 �g/ml, and kanamycin at 50 �g/ml for
E. coli and carbenicillin at 250 �g/ml and gentamicin at 10 �g/ml for P. aerugi-
nosa. To counterselect E. coli S17-1 donor cells in matings with P. aeruginosa,
chloramphenicol was used at 10 �g/ml.

Genotyping. Individual isolates were genotyped by the random amplified poly-
morphic DNA (RAPD) method as previously described (32). The RAPD reac-
tions were performed on cell pellets of overnight cultures by using the RAPD

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristicsa Source or
reference

Strains
P. aeruginosa

PAO1 Wild type 55
4.1A1 Clinical respiratory isolate, genotype L This study
3D10 Clinical respiratory isolate, genotype C This study
7B5 Clinical respiratory isolate, genotype B This study
19G12 Clinical respiratory isolate, genotype H This study
36D5 Clinical respiratory isolate, genotype A This study
60B5 Clinical respiratory isolate, genotype D This study
22D10 Clinical respiratory isolate, genotype F, lasR This study
1.1A1 Clinical respiratory isolate, genotype K, lasR, rhlR This study
18F7 Clinical respiratory isolate, genotype I, lasR, rhlR This study
64C4 Clinical blood isolate, genotype F This study
64C2 Clinical blood isolate, genotype I This study
43A2 Clinical respiratory isolate, genotype A This study

E. coli
DH5� recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 deoR �(lacZYA-argF) U169 �(�80dlacZ�M15) 49
S17-1 thi pro hsdR� recA/RP4-2 Tc::Mu, Km::Tn7 (RP4 to 2 � RP4�Tn1) 52
SM10/�pir thi-1 thr-1 leuB26 tonA21 lacY1 supE44 recA integrated RP4-2 Tcr::Mu Kmr/�pir 35

Plasmids
pLP105 pSW200 carrying lasRI on a 2.4-kb BamHI-XhoI fragment; Apr 51
pME3280a Mini-Tn7 gene delivery vector based on pUX-BF5 with a HindIII-SmaI-KpnI-NcoI-SphI-StuI-SpeI

multiple cloning site; Gmr Apr
65

pME3280b Mini-Tn7 gene delivery vector based on pUX-BF5 with a HindIII-PstI-MluI-SpeI multiple cloning
site; Gmr Apr

65

pME3827 pME6001 carrying lasR on a 1.1-kb PvuI-KpnI fragment; Gmr 42
pME3840 pME6001 carrying rhlRI on a 2-kb PstI fragment; Gmr 42
pME3870 pME3280a carrying rhlR on a 1.25-kb HindIII-SpeI fragment; Apr Gmr This study
pME3871 pME3280b carrying rhlR1 on a 2-kb PstI fragment; Apr Gmr This study
pME3872 pME3280a carrying lasR on a 1.1-kb [PvuI]-KpnI fragment; Apr Gmr This study
pUK21 Cloning vector, ori from pMB1; Kmr 63
pUX-BF5 “Carrier” plasmid containing the attTn7::mini-Tn7-Km system; Kmr 1
pUX-BF13 “Helper” plasmid containing Tn7 transposition functions; R6K replicon; Apr 1

a Tcr, tetracycline resistance; Kmr, kanamycin resistance; Gmr, gentamicin resistance; Apr, ampicillin resistance.
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Ready-to-Go kit (Pharmacia) and primer 208 (30). One isolate per RAPD type
was subsequently typed by the pulsed-field gel electrophoresis method as previ-
ously described (57). DNA was digested with the restriction enzyme SpeI.

Phage typing and mutator assay. A set of 10 typing phages obtained from T. L.
Pitt (Central Public Health Laboratory, London, United Kingdom) was used at
routine test dilution as described by Bergan (2). The mutator phenotype was
assessed essentially as described by Oliver et al. (37).

DNA manipulations and sequencing. Small-scale preparations of plasmid
DNA were carried out by the CTAB (cetyltrimethylammonium bromide)
method (10), and large-scale preparations were performed by using Nucleobond
AX100 columns (Macherey Nagel). Chromosomal DNA was extracted with
phenol-chloroform (1:1) by a method described previously (18). Restriction
digests, ligations, electrophoresis, and other manipulations of nucleic acid frag-
ments were performed by standard techniques (49). Restriction fragments were
purified from agarose gels with GeneClean II (Bio 101). Transformation of E.
coli and P. aeruginosa was carried out by electroporation (13). For Southern
blotting, chromosomal DNA was digested overnight with the appropriate en-
zymes, electrophoresed on a 0.8% agarose gel, and transferred to a Hybond-N
nylon membrane (Amersham Biosciences). DNA probe labeling, hybridization,
and detection were performed by using the DIG DNA labeling and detection kit
(Roche) according to the manufacturer’s procedures. To detect the rhlR/rhlI
genes, chromosomal DNA was digested with PstI and BglII, and a 2-kb PstI probe
containing rhlR and rhlI from strain PAO1 was obtained from plasmid pME3840
(42). To detect the lasR/lasI genes, chromosomal DNA was digested with PstI,
SacII, or NcoI, respectively, and probed with a 1.7-kb SalI fragment containing
the lasR/lasI region from plasmid pLP105 (51). Primers las1 (5	-CGCCGAACT
GGAAAAGTGGC-3	) and las2 (5	-TGAGAGGCAAGATCAGAGG-3	) were
used to amplify by PCR the entire 1.24-kb chromosomal lasR region including
the lasR leader region. Nucleotide sequences were determined on both strands
with a dye terminator kit (Perkin-Elmer) and an ABI Prism 373 Sequencer by
using las1 and las2 primers.

Complementation by single-copy insertion. Complementation was carried out
by using a Tn7-based system for a single-copy insertion into chromosomes of
gram-negative bacteria (24, 65). Genes of interest were cloned into plasmids
pME3280a or pME3280b containing a mini Tn7-Gm transposon (Table 1). The
2-kb PstI fragment from pME3840 containing rhlRI was cloned into pME3280b
to generate pME3871. To obtain pME3870, the rhlR gene was excised from
pME3840 on a 1.25-kb PstI-BglII fragment and inserted via a pUK21-derived
linker into pME3280a between HindIII and SpeI. Plasmid pME3872 carrying
lasR was generated by inserting the 1.1-kb PvuI-KpnI fragment from pME3827
into pME3280a between StuI and KpnI. The PvuI end was made blunt by
treatment with T4 DNA polymerase. Chromosomal insertion of the mini-Tn7
constructs carrying lasR, rhlR, and rhlRI, respectively, were obtained via three-
parental matings as follows. Recipient P. aeruginosa strains, grown overnight at
43°C, were mixed with E. coli SM10/�pir carrying the pUX-BF13 transposase
helper plasmid (1) and E. coli S17-1 carrying pME3871, pME3870, or pME3872.

AI estimation by thin-layer chromatography. Clinical P. aeruginosa isolates
were cultivated with shaking in 20 ml of nutrient yeast broth (in a 50-ml Erlen-
meyer flask) at 37°C to obtain an optical density at 600 nm (OD600) of 
2 or
more. Cells were removed by centrifugation, and supernatants were adjusted to
pH 5 prior to extraction with an equal volume of dichloromethane. Water was
removed from the organic phase by using dry magnesium sulfate, and dichlo-
romethane was evaporated by rotary evaporation. The total extract was concen-
trated 200-fold by dissolving it in 100 �l of 50% (vol/vol) acetonitrile in 5 mM
KH2PO4-Na2HPO4 buffer (pH 7.0). An aliquot was loaded onto a C18 reversed-
phase thin-layer chromatography plate. The chromatograms were developed
with a methanol-water eluant (60:40 [vol/vol]) and revealed by the indicator
organisms, Chromobacterium violaceum mutant CV026 (31) for C4-HSL and
Agrobacterium tumefaciens (traG-lacZ) (5) for 3-oxo-C12-HSL. The content of
AIs was estimated by comparison with C4-HSL and 3-oxo-C12-HSL standards.
The absence of AI production by strains 22D10, 1.1A1, and 18F7 was confirmed
by independent specific bioassays. Briefly, bacterial strains were grown in LB
medium until they reached stationary phase. Aliquots of filtered culture super-
natants were subjected to two extractions with 1 volume of acidified ethyl acetate
(0.01% acetic acid). The extracted AIs were quantified by using E. coli
MG4�I14(pPCS1) for 3-oxo-C12-HSL and P. aeruginosa PAO-JP2(pECP61.5)
for C4-HSL as reporter strains (62). �-Galactosidase activity was determined as
previously described (34).

Production of pyocyanin, HCN, elastase, and rhamnolipids and motility assay.
For pyocyanin quantification, clinical isolates were grown for 24 h in glycerol-
alanine medium (20 ml in 50-ml Erlenmeyer flasks) at 37°C with shaking. Pyo-
cyanin was extracted with chloroform from cell-free supernatants and assayed
spectrophotometrically at 520 nm (12). For HCN determinations, the cultures

were grown in glycine minimal medium at 37°C with gentle shaking for 16 h.
HCN was quantified as described elsewhere (21). Total extracellular protease
(61) and rhamnolipid (26) production were determined semiquantitatively by
agar plate assays. Elastase production was measured quantitatively in culture
supernatants of bacteria grown for 8 h in LB medium by the Elastin Congo red
assay (41). For swimming motility 2 �l overnight suspensions were stabbed into
swimming plates (LB medium containing 0.3% agar) incubated overnight at
20°C. Swarming motility was measured as described previously (25).

Adhesion capacity and biofilm formation. Adhesion capacity was measured as
previously described (36) with the following modifications. Strains were grown
overnight without agitation in LB medium, resuspended in M63 medium sup-
plemented with 0.05% Casamino Acids and 0.2% glucose to an OD600 of 1, and
incubated in microtiter plates at 37°C for 1 h. Quantification of the adhering
bacteria to microtiter dishes was determined by crystal violet staining (36).
Biofilm formation occurred in static conditions during 3 days as previously
described (15, 58). Briefly, P. aeruginosa strains were grown in LB medium with
agitation at 37°C for 6 h. Sterile polyvinyl chloride (PVC) pieces of 1 cm2 were
incubated for 1 h without agitation to allow bacteria to adhere, transferred to AP
medium supplemented with 0.3 M NaCl (59), and incubated for 3 days without
agitation at 37°C. Biofilm was quantified by crystal violet staining (36).

RESULTS

Collection of clinical isolates. We collected a total of 442 P.
aeruginosa isolates from thirteen intubated patients. This col-
lection consisted of 34 isolates collected in pulmonary aspirates
from each of the 13 intubated patients during the first 3 days of
established colonization (Table 2). Six of the thirteen patients
were severe trauma patients, two had experienced heart fail-
ure, one had non-Pseudomonal sepsis, one had brain hemor-
rhage, one had chronic obstructive pulmonary disease with
bronchiectasis, one had bacterial non-Pseudomonas pneumo-
nia, and one had taken a suicidal drug overdose. The duration
of intubation before colonization by P. aeruginosa was detected
varied between 1 and 14 days (Table 2). In order to determine
the importance of cell-to-cell signaling during respiratory tract
colonization of these patients, we determined semiquantita-
tively the production of the AI-dependent virulence factors
elastase, total exoprotease, and rhamnolipids of the entire col-
lection. A total of 81% of these isolates were able to produce

TABLE 2. Patient characteristics and isolate collection

Patient Underlying diseasea

Duration (days) of
intubation before

documented
colonization

No. of isolates
analyzed

(genotype)

1 Drug overdose 10 34 (K)
2 Polytrauma 9 34 (L)
3 COPD and bronchiectasis 1 10 (C)

24 (F)
4 Polytrauma 10 11 (B)

23 (C)
5 Nonpseudomonal sepsis 2 8 (C)

26 (I)
6 Nonpseudomonal pneumonia 10 34 (H)
7 Brain hemorrhage 14 34 (A)
8 Polytrauma 9 6 (B)

28 (D)
9 Myocardial infarct 2 34 (B)
10 Polytrauma 7 34 (A)
11 Polytrauma 3 34 (B)
12 Polytrauma 5 22 (B)

12 (C)
13 Congestive heart failure 2 34 (B)

a COPD, chronic obstructive pulmonary disease.

556 DENERVAUD ET AL. J. CLIN. MICROBIOL.



elastase and protease, and 80% produced rhamnolipids (data
not shown).

Among the 442 isolates, 9 genetically independent strains
were identified by RAPD genotyping (data not shown), and the

identifications were confirmed by pulsed-field gel electro-
phoresis (Fig. 1). Five patients were cocolonized with two
genetically different strains at the same time: patient 3 by
strains C and F, patient 4 by strains B and C, patient 5 by
strains C and I, patient 8 by strains B and D, and patient 12 by
strains B and C (Table 2). Patients 3, 5, and 7 presented an
acute-pseudomonal pulmonary infection. For patient 7, the
invasive isolate (43A2 [genotype A]) was isolated from a bron-
choalveolar lavage at �104 CFU/ml; in association with a com-
patible clinical picture, this is diagnostic of a pulmonary infec-
tion (44). For patients 3 and 5, the invasive isolates (66C4
[genotype F] and 64C2 [genotype I], respectively) were recov-
ered from the blood. All isolates belonging to the same geno-
type had the same AI-dependent virulence phenotype except
for some isolates belonging to genotype C that showed fluctu-
ations in rhamnolipid production (data not shown). Therefore,
one representative isolate of each of the nine genotypes was
selected and further characterized: patient 1, isolate 1.1A1
with genotype K; patient 2, isolate 4.1A1 with genotype L;
patient 3, isolate 22D10 with genotype F; patient 4, isolate
3D10 with genotype C; patient 5, isolate 7B5 with genotype B;
patient 6, isolate 18F7 with genotype I; patient 7, isolate 19G12
with genotype H; patient 8, isolate 36D5 with genotype A; and
patient 8, isolate 60B5 with genotype D (Table 3).

Phenotypic characterization of colonizing P. aeruginosa
strains. (i) Phage typing and hypermutable phenotype. The
strains 7B5, 3D10, 60B5, 22D10, 18F7, 1.1A1, and 4.1A1 each
gave distinct phage typing patterns, confirming molecular typ-

FIG. 1. PFGE profiles (SpeI digestion) of the 9 genotypes of P.
aeruginosa. Lanes: 1, isolate 36D5, genotype A; 2, isolate 7B5, geno-
type B; 3, isolate 3D10, genotype C; 4, isolate 60B5, genotype D; 5,
isolate 22D10, genotype F; 6, isolate 19G12, genotype H; 7, isolate
18F7, genotype I; 8, isolate 1.1A1, genotype K; 9, isolate 4.1A1, geno-
type L. M, molecular weight markers (lambda ladder).

TABLE 3. Characterization and complementation of P. aeruginosa strains isolated from intubated patients

Strain
(genotype)

Productiona of: Productionb of:
Elastaseb

(OD495)

Productione of:
Adhesionb

(%)
Biofilmb

(%)C4-HSL
(�M)

3-Oxo-C12-HSL
(nM)

Pyocyanin
(�g/ml) HCN (�M) Rhamnolipids Proteases

PAO1 5 300 10 29.2 2.7 ��� ��� 100 100

4.1A1 (L) 5 250 1 52.8 2.7 ��� ��� 97 88

3D10 (C) 4.5 340 8.9 23.4 2.7 � �� 104 91

7B5 (B) 3 125 12 15.3 2.7 � ��� 147 150

19G12 (H) 1 260 3.5 27.6 2.3 � ��� 31 10

36D5 (A) 3 340 5.1 43.6 1.2 �� ��� 130 76

60B5 (D) 4 375 8 34.3 2.6 � ��� 139 33

22D10 (F) 0.5 50 2.5 5 0.03 BD � 62 70
lasR� 2 150 25 9.7 2.6 ��� ��� NDd ND
rhlR� 0.5 50 2.3 5 1.1 BD � ND ND

1.1A1 (K) 0.5 50 1 5 BDc BD BD 116 47
lasR� 1 375 1 9.2 2.7 BD ��� ND ND
rhlR� 0.5 50 27.8 5 0.8 � � ND ND

18F7 (I) 0.5 50 1 5 BD BD BD 88 76
lasR� 4 300 1 9.4 1.2 BD �� ND ND
rhlR� 0.5 50 27.4 5 0.6 � � ND ND

a Values are means of three independent experiments with a standard deviation of 10%.
b Values are means of three independent experiments with a standard deviation of 10%.
c BD, below detection.
d ND, not done.
e ���, high level; ��, intermediate level; �, low level.
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ing, whereas strains 36D5 and 19G12 were insensitive to the
phages used (data not shown). None of the nine strains showed
a hypermutable phenotype in that none demonstrated an in-
creased level of spontaneous rifampin-resistant mutants com-
pared to wild-type PAO1.

(ii) Adhesion and biofilm formation capacity. Compared to
strain PAO1, the majority of the strains had an equivalent or
higher capacity to adhere to PVC (Table 3). Only strains
22D10, 19G12, and 18F7 had a reduced capacity to adhere in
our assay. Notably, strain 19G12 had a drastically reduced
adherence capacity compared to strain PAO1. As expected for
a strain with reduced adherence capacity, strain 19G12 formed
almost no biofilm. All strains were able to form biofilm in a
static biofilm assay, however, with a somewhat reduced capac-
ity compared to strain PAO1, with the exception of strain 7B5
(Table 3).

(iii) Production of cell-to-cell signaling-dependent virulence
factors. To characterize further the nine genotypically different
strains, we quantified their in vitro production of several ex-
tracellular virulence factors that are dependent upon an active
cell-to-cell signaling circuitry, namely, pyocyanin, hydrogen cy-
anide (HCN), and elastase (60), as described in Materials and
Methods. The production of pyocyanin was below the detec-
tion threshold of our assay (1 �g/ml) for strains 18F7 and
1.1A1 and low for strain 4.1A1 compared to the genetically
well characterized wild-type strain PAO1 (Table 3). Similarly,
HCN could not be detected in culture supernatants of strains
18F7 and 1.1A1 (detection limit, 5 �M). In contrast to pyocy-
anin, HCN was elevated in the supernatant of strain 4.1A1 and
could not be detected in supernatants of strain 22D10 (Table
3). All strains, except 22D10, 18F7, and 1.1A1, produced sig-
nificant amounts of elastase (Table 3). These results show that
six of nine P. aeruginosa strains colonizing the 13 intubated
patients were able to produce extracellular virulence factors
controlled by the cell-to-cell signaling circuitry. The lack of
protease, elastase, rhamnolipid, and HCN production by the
three remaining strains (22D10, 1.1A1, and 18F7) suggested
that these three strains might have a defective cell-to-cell sig-
naling circuit.

(iv) Production of cell-to-cell signals. At an OD600 of 2.0
(late exponential phase), six of the nine strains produced
amounts of 3-oxo-C12-HSL comparable to those of strain
PAO1 (Table 3). Strains 22D10, 1.1A1, and 18F7 produced
less than 50 nM 3-oxo-C12-HSL, which was the detection
threshold of the thin-layer chromatography assay. The produc-
tion of C4-HSL was determined at an OD600 of 2.0 (Table 3)
and also after overnight incubation (OD600 � 4 to 5) (data not
shown). At an OD600 of 2.0, all strains except four (19G12,
22D10, 1.1A1, and 18F7) produced amounts of C4-HSL com-
parable to those of strain PAO1. In late-stationary-phase cul-
tures (OD600 � 4 to 5), strain 19G12 produced normal
amounts of C4-HSL, whereas the production of this AI re-
mained below the detection limit (0.5 �M) in the supernatants
of the other three strains (data not shown). Even the more
sensitive bioassays (detection limits of 1 pM for 3-oxo-C12-HSL
and 1 nM for C4-HSL) (62) were unable to detect AIs in
supernatants of strains 22D10, 1.1A1, and 18F7 (data not
shown).

The production of the two AIs by six of nine strains, repre-
senting 81% of the 442 isolates, suggested that a majority of

the P. aeruginosa strains colonizing the 13 intubated patients
may have active lasRI and rhlRI cell-to-cell signaling systems.
In contrast, strains 22D10, 1.1A1, and 18F7 seemed to have a
defective cell-to-cell signaling circuit.

Analysis of the rhlR/rhlI and lasR/lasI genes in cell-to-cell
signaling-deficient strains. We checked the integrity of the
cell-to-cell signaling genes rhlR/rhlI and lasR/lasI in all nine
clinical strains by Southern blotting. All nine strains and the
reference strain PAO1 gave identical hybridization signals of
0.73- and 1.25-kb after digestion with PstI-BglII, using a rhlR/
rhlI probe (data not shown), suggesting that all strains pos-
sessed rhlR and rhlI, without an obvious deletion or insertion in
these genes. Six AI-producing strains, as well as the two AI-
negative strains 1.1A1 and 18F7, gave the same hybridization
pattern (signals of 0.41, 0.59, and 1.0 kb) with a lasR/lasI probe,
as did strain PAO1 when chromosomal DNA was digested with
PstI (data not shown). However, the AI-deficient strain 22D10
and the AI-proficient strain 19G12 showed a different pattern.
In strain 22D10, the 0.41-kb PstI band corresponding to the
central lasR region was missing, suggesting either a DNA poly-
morphism in the PstI sites or a deletion. For strain 19G12, the
absence of the 0.59-kb PstI band corresponding to the 3	 end of
lasI, combined with the appearance of a new high-molecular-
weight band, suggested either a polymorphism, a deletion, or
an insertion at the end of the lasI gene.

In order to include the lasR promoter region (not detected
by PstI digestion), we performed two other chromosomal DNA
digests, using either NcoI or SacII (Fig. 2A). For strain 22D10,
digestion with SacII led to a shift of the expected 2.55-kb band
to 
3.3 kb, whereas digestion with NcoI led to a shift from the
expected 2.6-kb band to 
2.2 kb (Fig. 2B). This band pattern
suggested the presence of a deletion in the lasR gene of strain
22D10. This was confirmed by PCR amplification of the lasR
gene region of strain 22D10, which yielded a fragment that was
smaller by 
460 bp than the functional 1.24-kb lasR gene
fragment of the reference strain PAO1 (data not shown). For
strains 1.1A1 and 18F7, restriction with one enzyme gave the
expected fragment lengths (2.6 kb for NcoI in strain 1.1A1 and
2.55 kb for SacII in strain 18F7), whereas restriction with the
second enzyme (SacII for strain 1.1A1 and NcoI for strain
18F7) generated new fragments, suggesting a polymorphism
for both strains (Fig. 2B). Two bands (1.1 and 1.5 kb) were
generated by the NcoI digest of strain 18F7, suggesting the
creation of a new NcoI site. For strain 19G12, no indication of
a deletion or insertion was found (Fig. 2B).

In order to corroborate these results, we sequenced the lasR
gene of strains 22D10, 1.1A1 and 18F7 (Fig. 3). A deletion of
465 bp, including the lasR promoter in strain 22D10, a 9-bp
in-frame deletion of strain 18F7, generating a new NcoI site, as
suggested by the band pattern in Fig. 2B, and a 1-bp frameshift,
as well as several point mutations for strain 1.1A1, including
mutations leading to the loss of the SacII site upstream of lasR,
explain the band pattern in Fig. 2B. These results show that the
three clinical strains 22D10, 1.1A1, and 18F7 bear mutations in
the lasR gene. This could explain their virulence factor-nega-
tive phenotype, as well as their deficiency in AI production. In
order to determine whether lasR and/or rhlR mutations might
also be present in cell-to-cell signaling-proficient strains, we
sequenced several isolates belonging to genotype L. No muta-
tions were found in three different isolates (data not shown).
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Complementation of strains 22D10, 1.1A1, and 18F7. To
confirm the role of the lasR mutations in strains 22D10, 1.1A1
and 18F7, we introduced the functional lasR gene of strain
PAO1 by chromosomal insertion into these three strains, as
described in Materials and Methods. The insertion of a single
lasR� copy into strain 22D10 restored the production of both
AIs, as well as the production of pyocyanin, elastase, and HCN
(Table 3). The chromosomal insertion of lasR� into strains
1.1A1 and 18F7 restored the production of AIs, elastase, and
HCN. However, the production of pyocyanin was not restored
(Table 3). Interestingly, the production of pyocyanin could be
restored by the insertion of the rhlR� gene alone; however, this
did not restore the production of AIs and of HCN by these two
strains (Table 3). The rhlR genes of strains 1.1A1 and 18F7
were therefore isolated by PCR amplification and sequenced.
The rhlR gene of strain 18F7 had a stop codon (TAG) instead

of a glutamine codon (CAG) at position 25, whereas the rhlR
gene of strain 1.1A1 differed from that of strain PAO1 at
several positions (CCC to TCC [P65S], GAT to GAG [D81Q],
and GTG to GCG [V94A]). These data indicate that the RhlR
protein is truncated in strain 18F7 and probably also nonfunc-
tional in strain 1.1A1 and that, in both strains, rhlR� could
restore the defect in pyocyanin production, as expected based
on the findings of a previous study (3).

These results confirm that the lasR deletion of strain 22D10
accounts for the observed phenotype. Concerning strains
1.1A1 and 18F7, the combination of lasR and rhlR mutations
probably explains their AI and exoproduct deficiencies. As the
genetic differences of strains 22D10, 1.1A1, and 18F7 were
further confirmed by phage typing (see above), these strains
are unrelated. Thus, the emergence of cell-to-cell signaling-
negative variants is not limited to a specific genotype.

FIG. 2. Southern hybridization of chromosomal DNA from a subset of P. aeruginosa isolates to a lasR-lasI	 probe. (A) Location of the probe
relative to an extended lasR-lasI region; (B) Southern blot of chromosomal DNA digested with SacII (left part of panel) or NcoI (right part of
panel). Lanes: 1, PAO1; 2, 1.1A1; 3, 18F7; 4, 22D10; 5, 19G12; 6, 3D10.
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Cell-to-cell signaling in three invasive P. aeruginosa strains.
Three of the 13 patients—patients 3, 5, and 7—presented a P.
aeruginosa pneumonia as a complication of their respiratory
colonization. For patients 3 and 5, a P. aeruginosa bacteremia
was documented. The three isolates responsible for an invasive
complication (strains 64C4, 64C2, and 43A2, respectively)
were genotypically different. In all cases the invasive strain
belonged to a genotype that had been previously recovered as
a colonizing strain (64C4, genotype F; 64C2, genotype I; and
43A2, genotype A). The virulence phenotypes and AI produc-
tion, as well as the adherence and biofilm formation capacities
of the invasive isolates, were identical to those of their colo-
nizing counterparts (data not shown). The AI-dependent vir-
ulence factor production of isolate 43A2, responsible for pneu-
monia in patient 7, was comparable to PAO1 levels. In
contrast, the bacteremic isolates 64C4 and 64C2, which were
recovered from patients 3 and 5, respectively, were significantly
impaired in their capacity to produce AI-dependent virulence
factors due to mutations in the lasR gene, as well as in rhlR for
strain 64C2. Strikingly, patients 3 and 5 were both cocolonized
by strains of the genotype C, producing extracellular virulence
factors and signal molecules at PAO1 levels (Table 2).

DISCUSSION

P. aeruginosa is responsible for severe nosocomial pneumo-
nia in mechanically ventilated patients (46). Since cell-to-cell
signaling-deficient mutants are significantly less virulent in
pneumonia animal models, it has been postulated that cell-to-
cell signaling might play a major role in the pathogenesis of P.
aeruginosa lung infections (48, 60). However, only few data are
available so far on the function of cell-to-cell signaling in pul-
monary isolates of P. aeruginosa.

In the present study, we measured the production of three

AI-dependent virulence factors as indicators of signaling in 442
P. aeruginosa isolates collected during the first 3 days of doc-
umented colonization of 13 intubated patients. A total of 81%
of these isolates produced significant amounts of AI-depen-
dent virulence factors, suggesting that these isolates probably
were signaling proficient. This observation is in agreement with
the expectation that cell-to-cell signaling would be important
during colonization of intubated patients by P. aeruginosa.
However, since we did not determine the in vivo activity of
cell-to-cell signaling during colonization, the importance of
AI-mediated signaling in this process remains speculative.
Moreover, since our patients were not routinely screened for P.
aeruginosa colonization, the duration of colonization (about 3
days) monitored in the present study might fluctuate between
1 and 5 days.

Among the 442 isolates we identified nine genotypically dif-
ferent strains. We showed that six of these nine genotypically
different P. aeruginosa strains had a functional cell-to-cell sig-
naling circuit. These six strains were able to produce in vitro
the two AIs 3-oxo-C12-HSL and C4-HSL, as well as AI-depen-
dent extracellular virulence factors, including total exopro-
tease, elastase, HCN, pyocyanin, and rhamnolipids, at levels
equivalent to those of the reference strain PAO1. All strains
except one were able to adhere to inert surfaces (i.e., PVC)
and to produce biofilms. However, in general biofilm forma-
tion was less pronounced than in strain PAO1. These results
suggest that P. aeruginosa strains colonizing intubated patients,
in contrast to strains colonizing CF patients (53), do not have
an increased capacity for biofilm production. This is surprising
considering the importance of adhesion to, as well as biofilm
formation on the endotracheal intubation device during upper
respiratory tract colonization of intubated patients. It is also
interesting that for the three AI-deficient strains (22D10,
1.1A1, and 18F7) the abilities to adhere to PVC and to form

FIG. 3. Location of mutations in the lasR gene of P. aeruginosa isolates 22D10 (genotype F), 1.1A1 (genotype K), and 18F7 (genotype I) relative
to the lasR gene of strain PAO1. Shaded arrow, lasR gene; �35, �10, �1, elements of lasR promoter; �, deletion; underlined bases, polymorphism
in the SacII site at position 25; double-underlined bases, new NcoI site. Coordinates refer to the nucleotide sequence of lasR: the “1” in this figure
corresponds to nucleotide 1557718 (56).
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biofilms were comparable to those of AI-proficient strains. The
only strain exhibiting a relatively low adhesion and biofilm
formation capacity (strain 19G12) was essentially AI profi-
cient.

In the three strains deficient in cell-to-cell signaling (22D10,
1.1A1, and 18F7), the lasR gene encoding the LasR transcrip-
tional regulator was inactivated by various mutations. Two of
these strains also had mutations in the rhlR gene, probably
explaining the defect in both AIs and extracellular virulence
factor production. Since the AI production of these strains was
complemented by the chromosomal insertion of the wild-type
lasR and rhlR genes, additional mutations outside of the lasI
and rhlI genes, encoding the AI synthases LasI and RhlI, are
unlikely. Apparently, the lasR and rhlR genes are more fre-
quently subject to mutations affecting the activity of the cell-
to-cell signaling circuit than are the AI synthase genes lasI and
rhlI. To our knowledge, this is the first description and char-
acterization of clinical isolates unable to produce cell-to-cell
signals as a result of both lasR and rhlR mutations. Indeed, only
mutants (i) affected in the expression of lasB and toxA (22, 43,
47), (ii) mutated in lasR (22) but still able to produce cell-to-
cell signals, or (iii) mutated in rhlR (54) but not characterized
have been described so far. The three AI-deficient genotypes
F, K, and I together represented 19% of the 442 isolates.

Surprisingly, two of three invasive strains (64C4 and 64C2)
isolated from blood belonged to these lasR or lasR/rhlR mu-
tants (genotypes F and I, respectively). This was unexpected
since, in another study, 90% of 270 bacteremic P. aeruginosa
isolates produced elastase and rhamnolipids, suggesting that
their cell-to-cell signaling circuit was active (E. Boffi El Amari
and C. van Delden, unpublished results). It has been recently
suggested that cytotoxicity mediated by type III secretion could
be more important than cell-to-cell signaling in the pathogen-
esis of P. aeruginosa pneumonia (23, 45, 50). However, the
three invasive strains of the present study were not as cytotoxic
as the cytotoxic reference strain PA103. In addition, none of
these three strains was resistant to serum bactericidal activity
(data not shown), and none was a hypermutator, which is in
agreement with a previous report suggesting that hypermut-
able strains are mainly found among respiratory strains iso-
lated from CF patients but are uncommon in other clinical
situations (37). Very intriguing is the observation that the two
patients infected with the AI-deficient strains 64C4 and 64C2
were initially cocolonized with strains of the cell-to-cell signal-
ing-positive genotype C. This might simply be a coincidence,
considering the small sample size. On the other hand, further
investigations should examine whether, in some circumstances,
cell-to-cell signaling-negative strains could profit from the ex-
tracellular enzymes produced by cell-to-cell signaling positive
partners. One appealing hypothesis could be a relatively lower
fitness of cell-to-cell signaling proficient isolates compared to
cell-to-cell signaling deficient ones. The cell-to-cell signaling
machinery might represent an important burden for proficient
isolates under certain conditions in vivo. Further research on
the role of the cell-to-cell signaling circuit during colonization
of mechanically ventilated patients will hopefully give us clues
as to how P. aeruginosa pneumonia in intubated patients can be
better prevented or treated.
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